Rational synthesis of colloidal nanorystals (NCs) is of paramaunt importance in NC research due to the growing demand for compositional diversity, shape engineering, and new optical, electronic, magnetic, or catalytic functionalities of NCs.^[@ref1],[@ref2]^ In this regard, postsynthetic chemical transformations of metallic, semiconducting, and magnetic NCs are increasingly useful, such as by galvanic replacement,^[@ref3],[@ref4]^ cation-exchange reactions,^[@ref5]−[@ref10]^ or the nanoscale Kirkendall effect.^[@ref11]−[@ref13]^ These transformation routes, particularly suited to NCs due to their high surface-to-volume ratios and short diffusion path lengths, give access to a myriad of structures that are difficult or impossible to synthesize directly. The initial (parent) NC serves as a template whose size, shape, and composition can be independently modified.

For semiconductor NCs, typically metal chalcogenides, cation-exchange reactions are particularly powerful, resulting in a partial or complete replacement of cations while maintaining an uninterrupted anionic sublattice and often preserving the pre-existing shape as well.^[@ref5]−[@ref7]^ A partial list of notable examples includes (with the parent NC in parentheses) the following: the first report on cation exchange leading to Ag~2~Se (from CdSe NCs),^[@ref14]^ CdS-Ag~2~S nanorod superlattices (from CdS nanorods),^[@ref15]^ core--shell PbTe/CdTe, PbSe/CdSe and PbS/CdS NCs (from PbTe, PbSe and PbS NCs),^[@ref16],[@ref17]^ PbSe/PbS core--shell and dot-in-rod NCs (from respective CdSe/CdS nanomorphologies),^[@ref18]^ PbS nanorods (from CdS nanorods),^[@ref19]^ disk-shaped CdTe NCs (from Cu~2~Te nanodisks),^[@ref20]^ CuInS~2~ NCs (from Cu~2-x~S NCs),^[@ref21]^ InP nanoplatelets (from Cu~3-x~P nanoplatelets),^[@ref22]^ and sequential multiple cation exchanges for obtaining metastable phases.^[@ref5]^ In contrast to the facile extraction and replacement of cations, anion-exchange in NCs has remained elusive. Taking CdSe as an example, where Cd^2+^ has at most half the radius of Se^2--^, cations are much easier to manipulate within the voids of the anionic sublattice than vice versa. The scarcity of reported examples of successful anion-exchange post-treatments in NCs is reflective of both the typical difficulties encountered (e.g., substantial resturcturing or fracturing) and the demanding reaction conditions necessary (e.g., high reaction temperatures of 160--450 °C for ZnO to ZnS(Se) conversions^[@ref23]−[@ref25]^) or the incomplete nature of the process (e.g., partial or limited to only a few surface atomic layers^[@ref26]−[@ref29]^). In this work, we report a shift in the status quo; halide anions in metal halide semiconductor NCs can be easily extracted and replaced with another halide, owing to their single ionic charge, the rigid nature of the cationic sublattice, and an efficient vacancy-assisted diffusion mechanism.

We recently reported a simple one-step synthesis of cesium lead halide perovskites (CsPbX~3~, X = Cl, Br, I) in the form of monodisperse colloidal nanocubes (4--15 nm edge lengths).^[@ref30]^ Through compositional modulations and quantum size-effects, the bandgap energies and photoluminescence (PL) spectra are readily tunable over the entire visible spectral region of 410--700 nm. A peculiar feature of CsPbX~3~ NCs is that, contrary to uncoated chalcogenide NCs, dangling bonds on the surface do not impart severe midgap trap states and the as-synthesized NCs exhibit bright emission with quantum efficiencies of up to 90% in green-to-red spectral region. The fact that metal halides are significantly different from metal chalcogenides (for example, from a structural standpoint, they consist of singly charged anions and exhibit highly ionic bonding) led us to explore postsynthetic chemical transformations of CsPbX~3~ NCs, the subject of this work. Cation- and anion-exchange reactions of ABX~3~ perovskite structures offer a very promising avenue to a plethora of optoelectronic materials.

With this motivation in mind, various attempts to exchange either Cs^+^ cations (with Rb^+^, Ag^+^, Cu^+^, or Ba^2+^) or Pb^2+^ cations (with Sn^2+^, Ge^2+^, or Bi^3+^) in CsPbX~3~ NCs were undertaken, though unfortunately leading to the decomposition of the parent CsPbX~3~ NCs in every case. To this end, most common outcome was the formation of a new halide such as AgX. In stark contrast, fast (for example, in several seconds), low-temperature, deliberately partial, or complete anion-exchange ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) could easily be performed in the cases of Cl-to-Br, Br-to-Cl, Br-to-I, and I-to-Br anion-exchanges, via the formation of homogeneous solid solutions. Because of the large difference in ionic radii between Cl^--^ and I^--^ causing the instability of Cl/I solid solutions, no mixed-halide solid solutions could be obtained in CsPbCl~3~ + I^--^ or CsPbI~3~ + Cl^--^ systems, but rather slow and complete exchange occurred.

The anion-exchange reactions reported herein were conducted in dry octadecene (ODE) as a solvent by mixing a specific ratio of the desired halide source and CsPbX~3~ NCs (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_002.pdf) file SI2 and, for experimental details, Table S1). The concentrations of capping ligands (oleylamine and oleic acid) were adjusted to be similar to those used for the synthesis of the parent CsPbX~3~ NCs. All tested halide sources, from organometallic Grignard reagents (MeMgX) to oleylammonium halides (OAmX) and simple PbX~2~ salts, afforded fast anion-exchange at 40 °C; at this temperature, the solubility of all reagents and NCs could be maintained.

It is well-known that bulk CsPbX~3~ crystallize in orthorhombic, tetragonal, and cubic polymorphs of the perovskite lattice with the cubic phase being the high-temperature state for all compounds.^[@ref31]−[@ref33]^ By direct synthesis at 160--200 °C, CsPbX~3~ NCs are formed in the cubic phase.^[@ref30]^ Interestingly, the subsequent anion-exchange manipulations of the halide ions do not seem to affect the cationic sublattice and the cubic perovskite crystal structure is maintained ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) despite the low temperature of the anion-exchange reaction. The size and shape of the parent NCs are also preserved in the course of the anion-exchange ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The direct synthesis of single- or mixed-halide CsPbX~3~ at such low temperatures yields either exclusively large and polydisperse crystallites of poorly or nonluminescent, wider-bandgap orthorhombic phases or simply no crystalline products at all. CsPbI~3~, for example, is highly luminescent and red in its three-dimensional cubic phase, yet yellow and nonluminescent upon conversion into its orthorhombic polymorph.^[@ref31]−[@ref34]^

![(a) Schematic of the anion-exchange within the cubic perovskite crystal structure of CsPbX~3~ along with a list of suitable reagents for each reaction when performed in organic media. A three-dimensional network is formed by corner-sharing PbX~6~ octahedra with Cs^+^ (purple spheres) occupying the interstitial voids. Ionic radii: Cs^+^, 1.88 Å; Pb^2+^, 1.16 Å; Cl^--^, 1.81 Å; Br^--^, 1.96 Å; and I^--^, 2.2 Å.^[@ref35]−[@ref37]^ (b) Powder X-ray diffraction (XRD) patterns of the parent CsPbBr~3~ NCs and anion-exchanged samples (using PbCl~2~ and PbI~2~ as halide sources), showing the retention of phase-pure cubic perovskite structure and an average (Scherrer) crystallite size of 8--10 nm. The shift of the XRD reflections is linearly dependent on the composition (Vegard's law), indicating the formation of uniform solid solutions. Equivalent behaviors were also observed for CsPbCl~3~ + Br^--^ and CsPbI~3~ + Br^--^ systems. Formation of solid solutions has been also confirmed by energy dispersive X-ray spectroscopy (EDX) and Rutherford backscattering spectrometry (RBS).](nl-2015-02404q_0001){#fig1}

![Transmission electron microscopy (TEM) images of ∼10 nm CsPbX~3~ NCs after treatment with various quantities of (a) chloride and (b) iodide anions. The insets show the evolution of emission colors (under a UV lamp, λ = 365 nm) upon forming mixed-halide CsPb(Br/Cl)~3~ and CsPb(Br/I)~3~ to fully exchanged CsPbCl~3~ and CsPbI~3~ NCs.](nl-2015-02404q_0002){#fig2}

Along with the cubic crystal structure, bright PL (with quantum yields of 10--80%, the lowest values for CsPbCl~3~) is retained in anion-exchanged CsPbX~3~ NCs, with fwhm peak widths ranging from 12 nm for CsPbCl~3~ to 40 nm for CsPbI~3~ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), comparable to directly synthesized CsPbX~3~ NCs.^[@ref30]^ The PL spectra of such exchanged NCs are Stokes-shifted with respect to the optical absorption spectra. As in our previous report on the direct synthesis of mixed-halide NCs,^[@ref30]^ the resulting composition of anion-exchanged NCs follows the overall halide ratio in the system, which is \[X\]~parent~/\[X\]~incoming~ for anion-exchange or simply the precursor ratio in direct synthesis. The \[X\]~parent~/\[X\]~incoming~ ratio in Cl-to-Br, Br-to-Cl, Br-to-I, and I-to-Br anion-exchanges was varied continuously from 3:1 to 1:3 for three tested halide sources to cover the entire visible spectral region ([Table S1 and Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_002.pdf)). In general, the distribution of two halide ions between the solution and the crystal is governed by the balance of the crystal energies of the mixed solid-solution and single-halide perovskites on the one side and the solvation energies of halide ions in solution on the other side. The lack of a strong preference toward one of the halides either indicates that the crystal energies are similar for all halides, or that the preferred halide is also preferably solvated, thereby maintaining balance. Eventually, also an entropy of mixing should favor the formation of solid-solutions in the absence of strong enthalpic factors (crystal energy). A different picture is found for I-to-Cl or Cl-to-I exchanges. Treatment of CsPbCl~3~ NCs with a large excess of PbI~2~ (or OAmI and MeMgI) transforms the PL color from blue (410 nm) directly to red (690 nm) in ca. 30--60 s. The rate for backward transition is similar, also lacking any intermediate color. This can be explained by the larger difference in ionic radii between Cl^--^ and I^--^, leading to the higher stability of the single-halide crystals as compared to the solid-solutions.

![Evolution of the optical absorption (solid lines) and PL (dashed lines) spectra of CsPbBr~3~ NCs with increasing quantities of PbCl~2~ or PbI~2~, added as exchanging halide sources.](nl-2015-02404q_0003){#fig3}

The high speed of anion-exchange in perovskite NCs is rooted in the ionic properties of perovskite metal halide crystals. The high ionic conductivity of halides in bulk CsPbX~3~ has been known for 30 years.^[@ref38]^ The primary conduction mechanism is the diffusion of halide vacancies, *V*~X~^\*^ (X = Br, Cl), where the activation energy is 0.29 eV for CsPbCl~3~ and 0.25 eV for CsPbBr~3~. Recently, methylammonium hybrid organic--inorganic perovskite analogues (CH~3~NH~3~PbI~3~ and CH~3~NH~3~PbBr~3~) have been the subject of numerous studies due to their unprecedented (for solution-processed absorber materials) photovoltaic power conversion efficiencies of up to 20%.^[@ref39]−[@ref44]^ Also here understanding the ionics of perovskite halides holds a potential key to explaining a range of important observations such as the hysteresis of current--voltage characteristics^[@ref45]^ or the self-compensating mechanism of electrical conductivity.^[@ref46]^ Density functional theory calculations point to a prevalence of ionic versus electronic disorder with the charged vacancy concentration exceeding 0.4% at room temperature,^[@ref46]^ and electron and hole traps being rather shallow with respect to hole and conduction bands.^[@ref47]−[@ref49]^ In an elegant study using specially designed ion-selective galvanic cells, Maier et al. have confirmed that of the three ions in the lattice (CH~3~NH~3~^+^, Pb^2+^, and I^--^), only the latest I^--^ is responsible for ionic conductivity, via the vacancy diffusion mechanism.^[@ref50]^

An in situ PL study of the Br-to-I exchange in CsPbBr~3~ is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Most of the anion-exchange occurs within the first several seconds. The gradual shift of the PL color is consistent with the continuous formation of homogeneous CsPbBr~*x*~I~3--*x*~ solid solutions because compositional inhomogeneities or preferred compositions within the NC ensemble would lead to broad or multiple peaks. [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_001.mpg) file SI1 presents video of the same reaction, again with clearly observed gradual change of PL colors. Importantly, the integrated intensities of the PL spectra of each exchanged sample remain comparable to that of the parent sample, indicating high PL quantum yields throughout the process. In the course of this work, rapid anion-exchange in thin films of hybrid perovskites of CH~3~NH~3~PbX~3~ was reported,^[@ref51]^ along with in situ optical measurements. In such 2D extended films, CH~3~NH~3~PbBr~3~-to-CH~3~NH~3~PbI~3~ conversion was determined to progress via the formation of iodine-rich domains within the first seconds with the immediate appearance of red-emission closer to the PL of pure CH~3~NH~3~PbI~3~ followed by a slower homogenization of the composition over the entire sample. In accord with our study, CH~3~NH~3~PbCl~3~↔CH~3~NH~3~PbI~3~ conversions do not involve solid solutions due to the lattice mismatch between the parent and fully exchanged phases. Another study on the anion-exchange in the films of plate-type CH~3~NH~3~PbX~3~ NCs has appeared during the revision of our manuscript,^[@ref52]^ where again Br--Cl and Br--I systems showed tunable solid solutions, while mixed Cl--I systems were not obtained.

![In-situ PL measurements during a CsPbBr~3~ to CsPbI~3~ NC conversion at 40 °C with \[Br\]~parent~/\[I\]~incoming~ = 1:3, (a) plotted at specific times during conversion and (b) throughout the complete process (with three spectra acquired per second).](nl-2015-02404q_0004){#fig4}

In addition to fast halide motion within the perovskite lattice, the ease of anion-exchange in CsPbX~3~ NCs is in part also due to fast exchange dynamics of the halide ions in solution. Even in the absence of added halide source, we find that the NCs themselves can serve as halide sources for each other ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). For example, the mixing of CsPbBr~3~ and CsPbI~3~ in colloidal solution is followed by fast cross-exchange and homogenization of their compositions, forming CsPb(Br/I)~3~ solid solutions. Shuttling of halide ions between NCs is facilitated by the small concentration of the solvated halide ions in the colloidal dispersion, present as a residue of OAmX or similar species after the isolation of NCs or due to desorption from the NC surface. Only one PL peak is measured after the completion of ionic exchange. The time taken to reach full homogeneity in this case is 10--20 min, much longer than for direct anion-exchange. Investigations of intermediate stages of this process indicate that exchange occurs simultaneously in both kinds of particles; the CsPbBr~3~ PL peaks shift to longer wavelengths and the CsPbI~3~ PL moves to shorter wavelengths ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and detailed in situ PL study in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_002.pdf)). The tunability of the PL peaks, emission line widths, and quantum yields after full homogenization are equivalent to those obtained from direct synthesis or via direct ion-exchange as discussed above.

![Inter-NC anion-exchange reactions in CsPbX~3~ NC systems. (a) An overview of the PL spectra of samples obtained by mixing CsPbBr~3~ NCs with either CsPbCl~3~ or CsPbI~3~ NCs in various ratios. (b) Time-dependent PL spectra showing an intermediate stage formed during inter-NC anion-exchange between CsPbBr~3~ and CsPbI~3~ in which two distinct NC species coexist with altered compositions.](nl-2015-02404q_0005){#fig5}

In summary, remarkably fast anion-exchange was observed in perovskite CsPbX~3~ NCs. Overall, the behavior of perovskite halides with respect to anion-exchange is orthogonal to common metal chalcogenide NCs, namely since the cationic sublattice is substantially rigid and the singly charged halide ions are highly mobile. In metal chalcogenides, ion-exchange has been observed with such ease only for cations. Semiconducting properties of lead halide perovskites are highly defect-tolerant, maintaining bright excitonic emission throughout and upon completion of the anion-exchange. Of practical note, the herein demonstrated fine-tuning of the spectrally narrow and bright PL of anion-exchanged CsPbX~3~ NCs over the entire visible spectral region can be conveniently accomplished from numerous halide sources at low temperatures. In addition, fast anion-exchange between CsPbX~3~ NCs of different compositions can also be readily achieved. Future investigations of halide-exchange reactions in other nanoscale metal halide systems are clearly warranted, as high ionic conductivity may not be strictly necessary due to the short diffusion paths within the NCs.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.5b02404](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.5b02404).Anion-exchange reactions. ([MPG](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_001.mpg))Experimental details and additional figures. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.5b02404/suppl_file/nl5b02404_si_002.pdf))
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